1. Annual variation in the timing of avian reproduction is associated with predictive cues related to ambient temperature. Understanding how these cues affect timing, and estimating the genetic variation in sensitivity to these cues, is essential to predict the micro-evolutionary changes in timing which are needed to adapt to climate change. 2. We carried out a 2-year experiment with great tits Parus major of known genetic background, which were kept in pairs in climate-controlled aviaries with simulated natural photoperiod and exposed to a seasonal change in temperature, where the two treatments differed by 4°C. We recorded the dates of laying the first and last eggs and timing of moult, as well as physiological proxies associated with reproduction: plasma luteinizing hormone (LH), prolactin, and gonadal size at four-weekly intervals. 3. The temperature treatments did not affect first-egg dates, nor gonadal growth or plasma LH and prolactin concentrations. However, birds terminated egg laying, regressed their testes and started their moult earlier at higher temperatures. 4. There were marked family differences in both the start of egg laying, with sisters from early laying maternal families laying early, and in the termination of laying, indicating that there is heritable variation in sensitivity to cues involved in timing. 5. Our experiment, the first to use genetically related individuals in an experimental design with a natural change in photoperiod and biologically realistic temperature differences, thus shows that genetic adaptation in cue sensitivity is possible, essential for species to be able to adapt to a warming world.
Introduction
In many organisms, seasonal timing of reproduction or growth has major fitness consequences (Perrins 1970; Nussey et al. 2005 , van Asch & Visser 2007 . In a seasonal environment, varying environmental conditions determine an optimal period for most life cycle events including reproduction. Therefore, initiating reproduction as little as a few days early or late can already reduce fitness in terms of increased parental effort, reduced offspring quality or offspring survival , Thomas et al. 2001 . The optimal time for the onset of reproduction commonly varies from year to year as the optimal conditions for breeding are often set by the phenology of other species in the food chain. Such variability in environmental conditions selects for phenotypic plasticity (Gomulkiewicz & Kirkpatrick 1992; Kawecki & Stearns 1993) . Many species are phenotypically plastic (Pigliucci 2001) in their seasonal timing and consequently the same individual can start breeding at different times in different years. To make an informed decision on the timing of reproduction, individuals use a number of abiotic and biotic cues to predict future conditions (Wingfield & Kenagy 1991) , but with the exception of photoperiod, very little is known about which cues provide reliable information. While photoperiod has been shown to strongly affect seasonal timing in many species, including mammals and birds (Rowan 1926 , Follett, Foster & Nichols 1985 Dawson et al. 2001; Goldman 2001; Sharp 2005) this cue cannot account for the year to year variation in phenological timing as there is no year-specific information conveyed. In temperate zones, the optimal conditions for reproduction for a wide range of organisms, including plants, invertebrates and vertebrates alike, are often directly or indirectly affected by temperature, and thus it is likely that animals rely on cues that are strongly correlated with temperature and ⁄ or temperature itself.
The predictive cues animals use to time breeding can ultimately only be studied under controlled environmental conditions, as for example temperature is correlated with changes in both climate and seasonal development of vegetation. Besides correlational evidence from the field (Nager & van Noordwijk 1995; McCleery & Perrins 1998) , there have been a number of experiments that have investigated the direct effect of temperature as a cue, concentrating on avian egg laying as a measure of reproduction. Meijer et al. (1999) worked with three groups of captive starlings Sturnus vulgaris and increased ambient temperature by 5°C at different periods in spring. In each of the groups, on average the first egg was laid 7-8 days after the increase in temperature. Salvante, Walzem & Williams (2007) studied egg laying in captive zebra finches Taeniopygia guttata either kept at 7°C or 21°C and showed that the birds under cold conditions significantly delayed their egg laying. More recently, Visser, Holleman & Caro (2009) showed that great tits Parus major responded to temperature in their timing of laying. Using climate-controlled aviaries that housed independent pairs of great tits, they mimicked the spring temperature progression of a cold and a warm year, thereby using realistic, and thus small, differences in temperatures between treatments. Despite the small difference in temperature, birds from the cold treatments delayed the onset of egg laying (Visser, Holleman & Caro 2009) .
Global climate change is currently affecting temperatures world-wide and in many species there is a shift in spring phenologies (Parmesan 2006) . However, often the shift in timing in one species within a food chain differs from the shift in timing of another species (Visser & Both 2005; Thackeray et al. 2010) and thus the inter-related seasonal timing of many species is no longer matched with that of their prey food which can lead to severe fitness consequences (Visser & Holleman 2001; Visser, Both & Lambrechts 2004; Both et al. 2006) . Given that the suite of physiological and behavioural mechanisms underlying reproduction is often heritable (Ronning et al. 2007 , Williams, Vezina & Speakman 2009 ), albeit sometimes low (Mousseau & Roff 1987; Merila & Sheldon 2000) , and that there is strong selection on the timing of reproduction, micro-evolution of timing may take place and potentially restore synchrony within a food chain (Visser 2008 ).
To predict micro-evolution in seasonal timing, for example in the timing of the onset of laying, it is essential that we establish whether there is genetic variation in laying date (Sheldon, Kruuk & Merila 2003; Nussey et al. 2005; ). Laying date is the outcome of a cascade of endocrine and behavioural processes, which in birds starts months previously with the onset of gonadal growth (Ball & Balthazart 2002) , and thus variation in laying date can be caused by individual variation in a wide range of underlying processes . However, no systematic attempt has been made to determine in which way individuals within a population differ in their physiological mechanisms underlying timing of reproduction (Wingfield, Visser & Williams 2008) , therefore restricting our understanding of the evolutionary potential of organisms (Chown et al. 2010) . If birds differ genetically in their physiological or behavioural sensitivity to predictive cues this would mean that natural selection will favour individuals that show a higher sensitivity to predictive cues, which will lead to micro-evolution in cue sensitivity. Alternatively, variation among individuals in laying date can be caused by genetic differences in the energetic costs associated with laying date (Perrins 1970; Stevenson & Bryant 2000; Chastel, Lacroix & Kersten 2003) and in that case natural selection will act on the genetic variation in these energetic costs and not in cue sensitivity. By comparing laying dates between birds exposed to different cues, but with ad libitum food, we can determine if birds differ genetically in cue sensitivity or the way these cues are transduced via physiological pathways.
In this paper we study great tits in climate-controlled aviaries under two temperature regimes and a simulated naturally increasing photoperiod. We used pedigreed offspring from a wild population with genetic differences in reproductive timing by selecting broods from early and late laying maternal lines or 'families'. In addition to determining the onset of reproduction, we also recorded its termination (last egg date and regression of gonads) and the onset of post-nuptial moult because these are well-established to be affected by temperatures (Dawson 2005 ; see Appendix S3 in Supporting Information). Furthermore, we determined which components of the physiological cascade leading to the onset of laying were affected by environmental cues by measuring reproductive hormones [luteinizing hormone (LH) and prolactin; see Appendix S2 in Supporting Information] and gonadal development in males and females at regular intervals.
We thus integrated evolutionary ecology and reproductive physiology to determine whether there is heritable variation in responses to cues for the timing of seasonal breeding. This is the first time that this topical question has been addressed. While we have shown that great tits' laying date is affected by temperature (Visser, Holleman & Caro 2009 ) we did not study the genetic background of this effect. And where we showed a genetic effect in plasticity of timing of reproduction, we used data from wild great tits (Nussey et al. 2005 ) and were thus not able to distinguish between genetic variation in cue use and ⁄ or energetic constraints. Furthermore, all other studies on effects of temperature in females on timing use acute and large changes in photoperiod and large differences in temperature among treatments, thus deviating from a setup that resembles a natural situation.
Our aims were thus to determine (i) whether there is genetic variation in both onset and termination of reproduction (which would indicate that variation among individuals is genetic variation in cue sensitivity, given that animals have ad libitum food), (ii) the effect of temperature on the onset of reproduction (laying dates), (iii) the effect of temperature on the termination of reproduction and the onset of moult, (iv) the genetic variation and the effect of temperature on reproductive physiology (gonad size, hormone levels) to get a better understanding where in the physiological cascade temperature may play a role.
Materials and methods

A V I A R I E S
Great tits ( Fig. 1) were kept in pairs in 36 separate climate-controlled indoor aviaries (2 · 2 · 2AE25 m) under an artificial light regime mimicking a natural daylight pattern (see also Visser, Holleman & Caro 2009 ). Photoperiod was increased twice a week following the natural increase in day length (i.e. from 7AE45L:16AE15D to 16AE30L:7AE30D at the winter and summer solstice, respectively at 52°N). The main source of light was three high frequency fluorescent light tubes, but half an hour before these were switched on, and half an hour after they were turned off, a 7 W light bulb mimicked dusk and dawn. The birds were fed ad libitum with a constant daily amount of food consisting of a mixture of minced beef, proteins and vitamins, sunflower seeds, fat, a mix of dried insects, a mixture of proteins, vitamins, minerals and trace elements, (Ce´De´-mix), a surplus of calcium, and water for drinking and bathing. Two nest boxes were provided per aviary, nesting material consisting of moss and dog hair was provided from March onwards.
B I R D S
Two sets of 36 male-female pairs of great tits were used for an experiment that was replicated in 2006 and 2007. Nestlings were taken as whole broods (with known laying dates) at day 10 after hatching from our long term study population (1955-present) . In the field, females incubating eggs were identified by their unique colour ring combination which was put on either the previous breeding season or in the winter roosting inspections. The broods that we selected from the entire population were both from early and late reproducing families to include genetically different birds in the experiment. Each year, we selected five broods with an early laying date and for which these females (and as much as possible also the females' mothers) were also among the earliest broods in previous years. Similarly, we selected five late first broods (i.e. avoiding replacement and second broods) each year. A blood sample (2-5 lL) was taken from all nestlings at day 2 after hatching, as well as from their parents at day 7 after hatching. Using these samples we determined the sex ratio of the nestlings (Griffiths et al. 1998 ) and whether or not the nest contained extra-pair chicks (Saladin et al. 2003) before taking the nestlings in at day 10.
The nestlings were taken to the Netherlands Institute of Ecology (Heteren, the Netherlands), where they were weighed (day 10 weights) and hand-raised until independence (Drent, van Oers & van Noordwijk 2003) . After fledging, birds were kept in single-sex groups in large (2 · 4 m) outdoor aviaries until the first of December of 2005 or 2006, after which they were housed as opposite-sex pairs in indoor climate-controlled aviaries for experiments to be conducted the following year. We mated 'early males' with 'early females' and 'late males' with 'late females', avoiding brother-sister pairings. In 2007 we were short of males so three males of the 2006 experiment were used again, but given this small number of 2-year old birds, we did not include male age in our analyses. The experiment ended at the end of August after which the birds were used for additional experiments .
T R E A T M E N T S
The 36 pairs of great tits were divided into two groups that differed in the ambient temperature treatment to which they were exposed. The temperature values used were close to typical temperatures for the season in the Netherlands (see Fig. S1 in Supporting Information), with the high temperature set to be always 4°C higher than the cold temperature treatment (but see below for the actual realized temperature differences). From 1st December to the end of February temperatures were kept constant at 4 and 8°C respectively, after which temperatures gradually increased up to the first of July, reaching 15 and 19°C respectively (an average increase of 0AE65°C week
). The temperature difference of 4°C was maintained during the moulting period (see Fig. S1 ). Temperatures were controlled ±0AE5°C by either heating or cooling the air that was circulated in the aviary. The A difference of 4°C was chosen as this is the difference between a very cold and a very warm year in the Netherlands for the period of the year for which the temperatures best correlate with laying dates in the wild (16 March-20 April; Visser, Holleman & Gienapp 2006 ). We used a gradual increase, with a fixed difference between the two treatments rather than an actual pattern of temperature fluctuations (as was used by Visser, Holleman & Caro 2009 ). The main reason for this is that actual temperature patterns display temporal autocorrelation, and this makes it difficult to assess in which period temperature matters. Using a fixed temperature difference, this difference between treatments is the same for any period (but see above) and hence for the statistical analysis there is no need to select a specific period over which the average temperature is used.
The realized temperatures differed from the target temperatures as especially the low target temperatures in December and January (cold treatment 4°C, warm treatment 8°C) could not be realized. From February onwards the differences in temperature treatment were clear (between 2AE5 and 3AE5°C) although still lower than the 4°C that we aimed for. In all analysis we either used treatment (warm vs. cold) or the realized temperatures as explanatory variables.
M E A S U R E M E N T S
In the breeding season nest boxes were checked daily and the date that the first egg was found recorded as the laying date. Eggs were weighed (to the nearest 0AE01 g) and measured (to the nearest 0AE01 mm) on the day they were laid, stored at )80°C and replaced by dummy eggs. After the birds laid the last egg the clutch size was determined. After 5 days of incubation the clutch and nest were removed to allow the birds to rebuild and start a new clutch. This procedure was repeated until no more clutches were initiated. The date of the last egg of the last clutch was the last egg date (termination of reproduction). Loosing clutches and re-nesting is common for great tits in nature.
In 2006, once every 4 weeks a blood sample (75 lL) was taken from the wing vein for luteinizing hormone (LH) measurements (9 out of 36 aviaries per week). In 2007, once every 4 weeks the birds (all aviaries on a single day) were blood sampled (75 lL) from the wing vein for prolactin measurement (see Appendix S2 for the methodology of hormone assays). Also in 2007, in an alternating pattern with the blood sampling (i.e. also once every 4 weeks), all birds were laparotomized to measure gonadal development, males during the entire breeding season, females only up to egg laying in order not to interfere with the egg laying process.
Birds were unilaterally laparotomized under anaesthesia with isoflurane (Forene; Abbott bv, Hoofddorp, the Netherlands). Left testis length and width and diameter of the largest developing follicle in the ovary were measured to the nearest 0AE1 mm, using a scale engraved in the ocular of a binocular microscope. Testis volume was calculated using the equation: V = 4 ⁄ 3pa 2 b where a is half the testis width and b is half the testis length. Follicle volume was calculated using the equation: V = 4 ⁄ 3pa 3 where a is half the follicle width.
In both years, moult of the primary wing feathers was scored once every 4 weeks from the end of breeding onwards (see Appendix S3). Preceding the experiment in the climate-controlled aviaries all birds were tested for their exploratory behaviour at 6 weeks after independence using a novel environment test developed by Verbeek, Drent & Wiepkema (1994) and from which an exploratory score was calculated following procedures outlined by Dingemanse et al. (2002) .
Exploratory behaviour is used as a proxy for personality in great tits (Drent, van Oers & van Noordwijk 2003) .
S T A T I S T I C A L A N A L Y S I S
Our primary interests were the effects of the genetic background and temperature on the onset and termination of reproduction, which were analysed using mixed effects Cox proportional hazard models (see Appendix S1 in Supporting Information). The models allowed us to use an iterative procedure, based on a linear predictor, for the calculation of a temperature variable that incorporates the current, as well as earlier temperatures experienced (for details, see Gienapp, Hemerik & Visser 2005) . A weighing factor k assesses the relative importance of current versus earlier temperatures: if this factor is large, the model places a high weight on the most recent temperature (the temperature variable resembles the mean temperature of that particular day), while if it is small, previous temperatures are given more importance, which implies a longer 'memory' of previous temperature conditions experienced.
We analysed the data in three steps: (i) we used treatment (2 levels: warm ⁄ cold) and family (20 levels) as explanatory variables (fixed factors), (ii) we used actual temperatures (including within-treatment variation in temperature over time) rather than treatment, together with family, as explanatory variables, and (iii) we replaced family with mother's laying date (as a measure for early ⁄ late families) and included additional characteristics of individual birds (personality and weight at day 10). In this last step, family was included as a random effect and year was included as a two level fixed effect. The models allowed us to include an interaction term between temperature and day length. Because day length is almost linearly related to date and did not vary between years, it is not possible to include it as main effect and it was only fitted as an interaction term.
The gonadal size (log volume) was analysed in a mixed model with sample period (date), treatment (warm ⁄ cold) and sex as fixed effects, and bird identity as a random effect. Clutch size of first clutches was first analysed in a GLM with year, treatment and family as fixed effects to look for family effects on clutch size. Next, we analysed the effect of temperature treatment on the relationship between clutch size and laying date in a mixed model with laying date, year and treatment as fixed effects and breeding pair as random effect (to account for multiple clutches per pair).
For all mixed models we used the c.1. PROC GLM MIXED in SAS 9AE1, using Sattherwaite's method of calculating d.f., for all GLM we used PROC GLM in SAS 9AE1. In all models we used normal distributed errors and a step down approach where we remove non-significant terms (P > 0AE05), starting with the interactions until a model remains where all main effects and ⁄ or interactions are significant.
Results
O N S E T O F E G G L A Y I N G
In 2006, 34 out of 36 pairs laid eggs, and in 2007, 28 out of 36 pairs laid. The probability of laying was not dependent on treatment, family or individual characteristics such as weight at day 10 (GLM with binomial errors). There was a striking difference in mean laying date between the 2 years, despite the fact that the same experimental protocols were used. . In an analysis on 101 clutches produced, there was a significant effect of laying date (F 1,73 = 65AE40, P < 0AE0001) but not of year (F 1,44,4 = 1AE95, P = 0AE17) nor temperature treatment (F 1,44AE5 = 0AE85, P = 0AE37): clutch size decreased by 0AE12 egg for every day the clutch initiation was delayed.
The statistical model could not handle a single model incorporating the effects of both the females' family and the males' family and consequently this was done using separate models. The onset of laying was not affected by temperature, in either male or female family analyses (in model with female family and treatment: v 2 = 0AE12, 1 d.f., P = 0AE72; in model with male family and treatment: v 2 = 1AE28, 1 d.f., P = 0AE26).
Temperature, after finding the best temperature value k (see Appendix S1) was not significant in models including female or male family (Table 1a) . However, laying date was significantly different between families, in the analysis of both female and male families (Table 1a) . Thus, sisters as well as brothers' mates resemble each other in their timing of reproduction more than unrelated individuals, which indicate that there is heritable variation in the timing of egg laying.
Note that as there were only three males which were used in both years (and none of the females) all year variance is attributed to family. This, however, does not account for the amongst family variation, since in the within-year analyses family is (sometimes nearly) significant (Table 1a) .
When we replaced family by quantified characteristics of individual males and females in the analysis and added female family as a random effect, temperature was still not significant, neither as a main effect nor as an interaction with photoperiod or laying date of the female's mother (Table 1b) . Individuals varied in their characteristics [range for 10 day old nestling weights females: 8AE6-17AE4, mean of 14AE4, for males: 7AE8-18AE6, mean of 15AE0; variation in personality over the entire range (2AE7-42AE3)]. However, despite this variation, none of the individual characteristics (nestling weights or adult personalities) of the males or females had a significant effect on laying date (Table 1b) .
However, there were (in addition to year) significant family characteristics: both the laying date of the female's mother and the laying date of the male's mother influenced laying dates in the aviaries (Table 1b ; Fig. 2a-d) . While daughters from early mothers were more likely to lay early, sons from early mothers had mates that laid later than expected on the basis of their own mothers' laying date (see also Discussion).
There was no effect of temperature on the development of the gonads in either males or females (Fig. 3) . There was, however, in addition to the obvious date effect, an effect of male family (mixed model with bird identity as random effect: F 11,131 = 2AE22, P = 0AE017): brothers are similar to each other in their testis sizes. No such effect was found for female family (F 9,133 = 0AE84, P = 0AE58). We found no clear effect of temperature or family on LH or prolactin levels (see Appendix S2).
T E R M I N A T I O N O F R E P R O D U C T I O N
As for the onset of reproduction, the statistical model of the termination of reproduction could not handle a single model incorporating both the females' family and the males' family. Consequently the analysis was done using separate models. The termination of reproduction was clearly affected by treatment, both in male and female family analyses (in model with female family and treatment: v 2 = 14AE97, 1 d.f., P = 0AE0001; in model with male family and treatment: v 2 = 8AE64, 1 d.f., P = 0AE003). There was an effect of temperature on the termination of laying (Table 2a) : birds in warmer aviaries terminated reproduction earlier than birds in colder aviaries. In addition, sisters from different families as well as brothers from different families varied in their termination of reproduction (Table 2a ) and these family effects largely persisted when analysed for each year separately (to exclude the confounding between-year variation; Table 2a ). Neither year nor Data were analysed using mixed effects Cox proportional hazard models (see Appendix S1) using (a) family and temperature as explanatory variables, or (b) using year, temperature and individual characteristics of the male and female as explanatory variables. Analysis (a) was run separately for male and female family. Also, in (a) the family effect was tested for the 2 years separate (see text). For the temperature variable the weighing factor k is reported: if this factor is large, the model places a high weight on the most recent temperature, if it is small, it implies a longer 'memory' of previous temperature conditions (see Appendix S1).
Significant terms are given in bold letters
Ó 2011 The Authors. Functional Ecology Ó 2011 British Ecological Society, Functional Ecology any of the family or individual parameters for females or males significantly affected the last egg date (Table 2b) . Only temperature as a main effect remained in the model (Table 2b) . Overall, at higher temperatures reproduction was terminated earlier (see Fig. 4 ).
Gonadal regression was only assessed for males (Fig. 3) . In week 21 and 24 there was no effect of temperature treatment on gonadal size but in week 27 the testes of males in warm aviaries were smaller than those of males in cold aviaries (F 1,23 = 4AE60, P = 0AE04; estimates cold: 0AE64 mm 3 (SE = 0AE21) and warm: 0AE31 mm 3 (SE = 0AE20). Similar to the termination of reproduction, the onset of moult was clearly affected by temperature treatment and the duration of moult was in turn strongly affected by the onset of moult (see Appendix S3): for every day a bird started moulting later, the duration of moult decreased with half a day. On top of this effect, females, which also started later, moulted on average 6 days faster.
Discussion
In this integrative study we investigated how variation in genetic background and in temperature influence the breeding phenology of great tits, which in the Netherlands Table 1b ). Dark grey lines indicate birds from early laying families (25 percentile of laying date of the mother), black lines indicate the median laying date (which happened to be identical for both years) and the light grey lines indicate birds from late laying families (the 75 percentile of the mothers' laying date). The curves illustrate the outcome of the model in Table 1b in which, in case of (a) and (c) the laying date of the male's mother, and in case of (b) and (d) the female's mother's laying date was set to the median. Panels Data were analysed using mixed effects Cox proportional hazard models (see Appendix S1) using (a) family and temperature as explanatory variables, or (b) using year, temperature and individual characteristics of the male and female as explanatory variables. Analysis (a) was run separately for male and female family. Also, in (a) the family effect was tested for the 2 years of the experiment separately (see text). For the temperature variable the weighing factor k is reported (see Appendix S1). Significant terms are given in bold letters.
Ó 2011 The Authors. Functional Ecology Ó 2011 British Ecological Society, Functional Ecology currently faces the detrimental effects of a warming world on breeding success (Nussey et al. 2005) . We found no effect of a moderate temperature difference of 4°C on pre-breeding physiology (gonadal development, LH, prolactin) or on the onset of egg laying, but we did demonstrate that increased ambient temperature advanced the date of the last egg laid, the onset of male gonadal regression and the onset of moult. We also found clear differences between families, both in terms of the onset and the termination of reproduction, indicating that there is genetic variation in cue sensitivity. Females that have mothers that lay early in the wild laid early themselves in the aviaries, but in males this was the opposite: sons of early laying mothers, which were always paired up to early females, had female mates which laid late (see below). Similarly, some families had larger testis volumes than others and this difference was influenced by the temperature treatment to which they were exposed. This constitutes, to our knowledge, the first demonstration that testis size variation is partly explained by genetic (heritable) components in birds. Finally, we found a large unexplained deviation in mean laying date between the 2 years of the experiment (see below).
G E N E T I C E F F E C T S
There were clear family effects on the timing of reproduction under ad libitum food conditions which indicates that there is genetic variation in cue sensitivity (which may be temperature or photoperiod in our experiment). This genetic variation is essential for our understanding of how natural selection may lead to an evolutionary change in timing of reproduction. If the genetic variation in laying date, as found in the wild, originated from variation in the energetic costs associated with laying eggs, we would not have observed that in our experiment where birds are fed ad libitum. In that case, where genetic variation in egg production capability determines variation in laying date, selection on cue sensitivity would not lead to an evolutionary response and hence would lead to negative demographic consequences due to the sustained selection Visser 2008) . We interpret the family effects on the onset and termination of reproduction as genetic effects but we cannot rule out effects of a shared early environment: all eggs within a clutch were laid and incubated by the same female and were reared by their parents in the wild up to day 10. After that, they were hand-reared under standardized conditions. While weight on day 15 is an important indicator of chick survival in the wild (Verboven & Visser 1998) , we found no effects of the nestling weight on day 10 on reproductive timing as an adult (Table 1b) . So even if we cannot rule out other common environment effects, we strongly believe in a genetic component causing differences in timing.
The family effect in females was due to the effect of the mother's laying date: females in the experiment laid earlier if their mother laid earlier in the wild (Fig. 2a,c) . In males this effect was opposite: males with an early laying mother had mates that laid late in the aviaries given the laying date of their own mother (and after correcting for the affects of the female's mother's laying date; Fig. 2b,d ). This is a puzzling result. However, a very similar effect was found in Visser, Holleman & Caro (2009) . There, laying dates from the same individuals (rather than from parents and their offspring as in the current experiment) were obtained from the wild and from the aviaries, but in females and males, laying dates in aviaries were respectively positively and negatively correlated with laying dates in the field (Visser, Holleman & Caro 2009) . A possible explanation could be that males that have early laying mates in the wild are more active and aggressive. While in the wild this may result in earlier or more active courtship, in captivity this aggression may inhibit the onset of egg laying in their mates. However, we did not find an effect of male personality, which we know is correlated to aggression (Verbeek, Boon & Drent 1996) , in our study.
In the analysis of the hormones LH and prolactin (see Appendix S2), which are associated with reproduction, we did not find any family effects which may indicate that there is no genetic variation in the endocrine pathway underlying timing of reproduction. If this finding is confirmed it would mean that natural selection cannot act on this part of the endocrine pathway.
T E M P E R A T U R E E F F E C T S
Contrary to the results of earlier experiments in the same aviaries (Visser, Holleman & Caro 2009 ), we found no effect of temperature treatment on laying date in the present study. The temperature treatments were however very different Table 2b .
Ó 2011 The Authors. Functional Ecology Ó 2011 British Ecological Society, Functional Ecology between the two sets of experiments. In Visser, Holleman & Caro (2009) the temperatures mimicked those of two specific years, characterized as either being especially cold or warm, which were chosen based on the laying date of wild great tits in these years. Laying dates in Visser, Holleman & Caro (2009) correlated with the mean ambient temperatures in the period 21st April-10th May. In the current experiment, we used a constant difference of 4°C between the two temperature treatments (see Fig. S1 ) which offers the advantage that over any period the mean temperatures differ by a fixed quantity. When we compare the realized temperature for the period from 21st April-10th May, there was a clear difference: 2006 warm: 15AE2°C, cold: 12AE6°C; 2007 warm: 15AE1°C, cold: 12AE5°C. This is an overall difference of 2AE5°C, which may seem small (and in fact was smaller than we aimed for) but it was large enough to affect the later stages of egg laying.
Moreover, from what we know from our wild population, such a temperature difference in certain periods of spring is ecologically relevant, and based on the estimates for the temperature effect in Visser, Holleman & Caro (2009) , should have led to a difference in laying date of about 30 days. Clearly, the temperature effect of the treatments in Visser, Holleman & Caro (2009) was not captured in the temperature treatments in this experiment.
The reason why we found no effect of the temperature treatment remains unclear. When compared to the temperature patterns of Visser, Holleman & Caro (2009) a potential explanation is the lack of temperature variation, both on a daily scale and a seasonal scale. Another explanation could be the identical rate of temperature increase in the two treatments. If it is temperature increase rather than absolute temperature that is a cue for timing of reproduction then we would not expect to find any temperature effect in the experimental setup we used. From experiments manipulating photoperiods in starlings, we know that passerine birds can be more sensitive to variation in environmental cues than in their absolute levels (Dawson 2005) . Obviously, these two explanations need to be tested in future experiments. The lack in our understanding in how environmental variables affect laying date is also illustrated by the large differences in mean laying dates between 2006 and 2007. The temperature differences between these 2 years in the period 21st April-10th May were very small, again not confirming the effects of temperature on laying date as described in Visser, Holleman & Caro (2009) . When comparing the temperature patterns of these 2 years (see Fig. S1 ) there was a stronger increase in temperature in 2006 in both treatments between January days 50-90. This would indeed indicate that the hypothesis that it is the increase in temperature rather than the absolute temperatures that plays a role in timing is worth pursuing.
We see three other potential explanations for the difference in mean laying dates between 2006 and 2007. First, a potential explanation is that the between-year variation in the aviaries might have been affected by outside conditions such as for instance air pressure patterns. In the wild, 2006 was a relatively late year (mean laying date of great tits at the Hoge Veluwe 24AE7 April) while 2007 was an early year (14AE4 April).
Secondly, we carried out laparotomies at four-weekly intervals in 2007 while in 2006 we only did a single laparoptomy per bird in January (from which the measurements were too inaccurate to be used). While we cannot exclude this explanation we do want to point out that it is the early mean laying date in 2006 which is an outlier. In the experiments of 1999-2005 the mean laying dates were as late as in 2007. Thirdly, the birds may differ from year to year, related to the conditions in the wild prior to moving to captivity. As the great tits on the Hoge Veluwe laid on average 8AE5 days earlier in 2005 compared to 2006, the birds used in the 2006 experiment were taken in 9 days earlier for the earliest broods and 3 days earlier for the later broods. This will affect for instance the photoperiod they experienced in the field (a 9 day difference in mid May is a difference of 25 min of day length). It is unlikely that this difference will significantly affect the laying date of the birds in their first breeding season but we cannot rule this out.
Interestingly, the earliest birds laying in 2006 were in the cold treatment, which could be an indication that these birds were anticipating two broods and therefore laid their first clutch early (c.f. Visser et al. 2003) . As there is no correlation between the laying date and the date of the last egg (2006 cold treatment data set: n = 18, Pearson r = )0AE15, P = 0AE56) these early laying birds indeed keep on laying for a longer time but not longer than birds that start laying later, thus we find no support for this hypothesis.
Temperature had a clear effect on the termination of reproduction. Birds in the warm treatment stopped laying earlier, males regressed their gonads earlier and birds started moulting earlier (see Appendix S3 for a full discussion). Although the causation of the effect of temperature on the termination of breeding remains to be discovered, it must be stressed that the activity of the reproductive axis is very sensitive to temperature in the late phases of breeding. Other studies have shown a similar effect of temperature on testicular regression associated with the development of photorefractoriness (Dawson 2005) but none have included observations on the termination of egg laying. The temperature treatments often differed by 10-15°C, while in the present study we show the same effect with a realized temperature difference of only 2AE5°C. Our results are consistent with data from the wild great tit population where the aviary birds originating from (Hoge Veluwe) where fewer pairs produce a second brood in warmer years (Husby, Kruuk & Visser 2009 ). Reproduction is terminated earlier, probably because their caterpillar food becomes unavailable sooner and temperature can be used as a cue to signal this.
C O N C L U D I N G R E M A R K S
It is not clear why temperature effects on the sexual recrudescence and onset of laying are so difficult to demonstrate experimentally and produce so many inconsistent results, while there is ample evidence from field data that temperature does affect laying dates (Nager & van Noordwijk 1995 , Charmantier et al. 2008 , e.g. Dhondt & Eyckerman 1979; Perrins & McCleery 1989) . First, there is a lack of data on laying dates in captivity, especially following temperature manipulation. Secondly, there is clear evidence that temperature effects on birds' breeding phenology are very subtle and interact with other cues. For example laying is influenced by a change in temperature in the few days that directly preceded egg formation (Kluijver 1951; Meijer et al. 1999) . In contrast, most experiments manipulating temperature in captivity also involve acute transfers from short to very long photoperiods or large differences in temperature, and both cues were generally kept constant. These manipulations are highly unnatural and could potentially mask, if not remove, the subtle effect of non-photic cues such as temperature and their interactions with other cues like photoperiod (Dawson 2007 , Paul et al. 2009 ). In the present study, we used a spring-like slow increase in both photoperiod and temperature (see Fig. S1 ). Despite this more realistic pattern of cue progression, we still did not find an effect of the temperature treatment on the onset of breeding (see above for potential explanations).
Our wild great tit population is currently laying too late in the season to match the peak in the abundance of their nestlings' food. This mistiming is the result of climate change that has induced a stronger shift in this food peak compared to the shift in laying date Visser, Holleman & Gienapp 2006) . As a consequence, there is now directional selection for earlier laying. As laying date is also heritable (Sheldon, Kruuk & Merila 2003; Gienapp, Postma & Visser 2006; , Husby, Visser & Kruuk 2011 , natural selection will likely lead to micro-evolution. To estimate the rate of micro-evolution we need to understand where in the cascade underlying seasonal timing the genetic variation lies . Our results strongly suggest that there is genetic variation in cue sensitivity (of either photoperiod or temperature) and we thus predict micro-evolution on cue sensitivity, which perhaps could restore the synchrony in phenology between the birds and their prey. This may well be a genetic shift in sensitivity in photoperiod rather than temperature as this will also lead to an advancement of timing. In addition, a change in the sensitivity to temperature will not only advance birds over the entire temperature range but might also alter the slope of their laying date versus temperature reaction norm. As selection is stronger in warmer years, where birds are deemed to be especially late compared to the food peak, this may be a requirement to fully restore the synchrony in phenology. The key question remains whether this rate of micro-evolution will be sufficient to match the rate of climate change (Visser 2008) . Given the very limited evidence for climate change-induced micro-evolution (Gienapp et al. 2008) , this seems not likely at this moment.
